Introduction {#s1}
============

The embryonic hindbrain is divided along its antero-posterior (AP) axis to several compartments, named rhombomeres (r), each displays a unique molecular signature that underlies the formation of several neuronal and cranial tissues ([@b53]; [@b54]). The rhombomeres are separated one from the other by a specialized sub-set of cells, termed hindbrain boundary cells ([@b15]; [@b23]; [@b39]; [@b42]), which exhibit different characteristics from those of the intra-rhombomeric cells. Boundary cells are larger, they proliferate at a slower pace, they have enlarged intercellular spaces and they display reduced junctional permeability. Moreover, boundary cells express various types of genes including extracellular matrix (ECM) proteins, structural genes and transcription regulators ([@b28]; [@b33]; [@b34]; [@b60]). Yet, the role of boundary cells during hindbrain development is not clear.

Compartment boundaries act as organizing centers that segregate adjacent areas into domains of gene expression and regulation, and control their distinct fates via the secretion of signaling factors ([@b22]; [@b48]; [@b49]; [@b52]; [@b57]; [@b69]; [@b74]; [@b94]). Some examples in the CNS include the zona limitans intrathalamica (ZLI), which serves as an interface between the thalamic and prethalamic primordia, and expressed *sonic hedgehog (SHH)*, *Wnt*s and *fibroblast growth factors (FGF*s) ([@b27]; [@b51]; [@b76]; [@b79]), and the midbrain-hindbrain boundary (MHB), which expresses *FGF*8 and regulates the fates of the mesencephalon and anterior hindbrain ([@b50]; [@b61]; [@b90]; [@b96]). In hindbrain boundaries of multiple species, various signaling factors have also been shown to be expressed, such as Wnts in zebrafish ([@b2]; [@b72]), and FGFs, as well as the TGFb inhibitor follistatin, in chick and mice ([@b14]; [@b44]; [@b56]; [@b64]; [@b78]; [@b92]). However, what role these factors may play in boundaries remains vague. Our previous studies have suggested that, in the chick, boundary cells control the downregulation of rhombomeric genes by, as of yet, an unknown secreted factor ([@b78]).

This study focuses on the FGF signaling pathway in chick hindbrain boundaries. The expression of FGF ligands, receptors, downstream effectors as well as proteoglycans is shown at inter-rhombomeric boundaries, raising the hypothesis that this signaling system mediates the expression of multiple boundary markers. Loss-and-gain-of-function experiments demonstrate for the first time that FGF signaling, particularly the specific ligand FGF3, plays a role in regulating the expression of several subtypes of boundary markers, which are responsible for the unique properties of hindbrain boundaries as regions of enriched ECM, axonal accumulation and neural differentiation. Our data brings us a step forward in potentiating the suggestion for an organizing role for hindbrain boundaries, mediated by FGF3 signaling.

Results {#s2}
=======

During hindbrain development, several members of the FGF superfamily and their receptors are expressed and act in pattern formation ([@b3]; [@b30]; [@b45]; [@b55]; [@b56]; [@b58]; [@b88]; [@b91]; [@b92]). We wished to establish whether FGF signaling also functions at later hindbrain stages by regulating expression of markers unique to boundary cells. As a first step, the expression of multiple components of FGF signaling pathway was studied in the chick hindbrain at stage 19 HH (35 somites), which represents well-established boundary structures ([@b29]; [@b33]; [@b34]).

FGF signaling components at hindbrain boundaries {#s2a}
------------------------------------------------

FGF3, a member of the FGF superfamily of secreted proteins, is dynamically expressed in the chick hindbrain; early at rhombomeres, where it governs regional identities ([@b4]; [@b56]; [@b91]), and later exclusively in boundary cells ([@b56]; [@b92]), where, as confirmed here, it is confined to the ventral half of the r2/3--r5/6 boundaries ([Fig. 1A](#f01){ref-type="fig"}). Notably, an additional member of the FGF superfamily of soluble signals, FGF19, was also shown at hindbrain boundaries (data not shown and see also ([@b24]; [@b44]; [@b91]). Yet, in contrast to FGF3, its expression is punctuated and less intense than FGF3, and it is also not exclusive to boundaries.

![The expression of FGF signaling pathway components in hindbrain boundary cells.\
(A, C-F, L) In situ hybridization was carried out to detect the expression of (A) *FGF3*, (C--F) *FGFRs 1--4* and (L) *Hoxb1.* (G,H) Staining of (G) Alcian blue and (H) Safranin-O. (B,I--K) immunohistochemistry was carried out to detect the expression of (B) DpERK1/2, (I) HSPG, (J--L) CSPG and (K) EphA4. All images are of 35 somite-old embryos and are shown in flat-mount preparations of the hindbrain. Rhombomeres are numbered, probes and antibodies are indicated; double-headed arrow indicated r3/r4 boundary and anterior is at the top. Rhombomere (r), dorsal (d), ventral (v).](bio-01-02-067-f01){#f01}

Four types of FGF receptors (FGFRs) mediate the FGF signal ([@b38]). The boundary expression of FGFRs 1--3 has been demonstrated ([@b63]; [@b88]; [@b91]) and is also shown here, together with the expression of FGFR4, which is demonstrated at hindbrain boundaries for the first time. While *FGFRs 1*, *3*, *4* ([Fig. 1C,E,F](#f01){ref-type="fig"}, respectively) are expressed throughout the hindbrain, but are much more prominent along the dorsal-to-ventral (DV) axis of all rhombomere boundaries, *FGFR2* ([Fig. 1D](#f01){ref-type="fig"}) is more restricted and is expressed only in the dorsal half of the boundaries.

Dual phosphorylated Erk1/2 (dpErk1/2) is a key player in the MAPK signaling cascade, which transduces the FGF signal from its transmembrane receptors into gene regulatory events ([@b21]), and was previously shown in hindbrain rhombomeres at early stages of development ([@b55]; [@b91]). Here we show that, in accordance with the FGFRs, dpErk1/2 is predominantly apparent throughout the DV area of all hindbrain boundaries ([Fig. 1B](#f01){ref-type="fig"}). Notably, addition of only the secondary antibody used for dpERK1/2 detection (anti-rabbit HRP antibody), did not reveal HRP staining at hindbrain boundaries (data not showing). Taken together, the co-localization of FGFs with their receptors and dpERK suggests active FGF signaling at hindbrain boundaries.

Proteoglycans in the ECM are necessary co-factors for FGF signaling ([@b65]). One such protein, Heparan Sulfate Proteoglycan (HSPG), which is required for optimal FGF signaling by forming an active complex with FGFRs ([@b66]; [@b70]), is abundant in the ECM. HSPG is demonstrated here to be apparent throughout the DV axis of the boundaries ([Fig. 1I](#f01){ref-type="fig"}). Chondroitin Sulfate Proteoglycan (CSPG), another type of proteoglycan, has previously been shown at hindbrain boundaries ([@b33]), and is re-presented here to be apparent throughout the DV aspect of the boundaries ([Fig. 1J](#f01){ref-type="fig"}), similar to HSPG. Further support for the enriched proteolgycan distribution at rhombomere borders came from our staining with the cationic dyes Alcian blue (AB) and Safranin-O (SO), which specifically stain acid glycosaminoglycans in the ECM, such as chondroitin and heparin sulphate proteoglycans ([@b68]; [@b71]; [@b73]). Both AB ([Fig. 1G](#f01){ref-type="fig"}) and SO ([Fig. 1H](#f01){ref-type="fig"}) are clearly evident throughout the entire DV aspect of the boundaries, with the exception of AB in the r6/7 boundary. Notably, staining with another ECM dye, Trichrome, which marks collagen fibers, did not reveal any boundary-specific stain (data not shown), confirming the specificity of the above dyes. Moreover, to further validate the specificity of our in situ hybridization or immunostaining at the boundaries, embryos underwent either in-situ hybridization with Hoxb1 probe or immunostaining with EphA4 (both known to be expressed within specific rhombomeres opposed to boundaries) and co-stained with CSPG. In both cases, the rhombomeric markers EphA4, expressed in r3,r5, ([Fig. 1K](#f01){ref-type="fig"}, blue) and *Hoxb1*, expressed in r4, ([Fig. 1L](#f01){ref-type="fig"}, purple), are adjacent to the CSPG-stained boundaries (red or brown, respectively). Together, the accumulation of HSPG and CSPG as well as the staining of AB and SO at boundary regions further highlights the unique ECM characteristics of these hindbrain sites, as well as supports a possible function for FGF signaling there.

FGF signaling is required for the expression of boundary-specific markers via FGF3. {#s2b}
-----------------------------------------------------------------------------------

Boundary cells express various genes that comprise diverse functions such as ECM molecules, structural proteins and transcriptional regulators ([@b28]; [@b33]; [@b53]). Based on the presence of FGF signaling components at boundaries ([Fig. 1](#f01){ref-type="fig"}), we set out to determine whether FGF signaling is involved in the regulation of boundary marker expression. The following representative markers were tested (supplementary material Fig. S1); two ECM proteins (i) CSPG ([Fig. 1J](#f01){ref-type="fig"}) and (ii) laminin, a major component of basal lamina which has previously been shown at hindbrain boundaries ([@b53]), (iii) Neuronal Stem Cell Leukemia 1 (NSCL1), a bHLH transcription factor which play roles in survival/maintenance of post-mitotic neurons ([@b84]), (iv) The transcription factor Brn3a, which is expressed in sensory neurons ([@b19]; [@b20]; [@b26]; [@b31]; [@b35]; [@b89]), and here we show its presence in hindbrain boundary cells), and (v) the neurofilament-associated antigen 3A10, which labels axonal neurofillaments, and although is seen in many hindbrain axons, it accumulates in the boundaries more extensively ([@b53]).

First, FGFR activity was blocked in hindbrains of 14--15 HH embryos embryos, stages in which FGFs and FGFRs are becoming confined to boundary cells ([@b92]), such that their activity is predominantly inhibited at these sites. Beads soaked in SU5402 (a pharmacological inhibitor of FGF receptor) or in DMSO were implanted into the hindbrain lumen for 18 hrs. SU5402-treated embryos presented a clear decrease in the levels of each of the markers ([Fig. 2B,D,F,H,J](#f02){ref-type="fig"} respectively; CSPG n = 7/8, Laminin n = 8/8, 3a10 n = 16/16, *Brn3a* n = 11/12 and *NSCL1* n = 15/18), as compared to the control ([Fig. 2A,C,E,G,I](#f02){ref-type="fig"} respectively; CSPG n =  0/11, Laminin n = 0/9, 3a10 n = 0/14, *Brn3a* n = 0/11 and *NSCL1* n = 0/13). Notably, in both control and SU5402-treated embryos, some NSCL1 and 3A10-expressing cells can still be evident in rhombomeres, pointing against the possibility of a general abolishment of gene expression in the hindbrain by SU5402. Yet, the finding of much less expression of 3A10 and NSCL1 also in the rhombomeres upon su5402 treatment may indicate that boundary-derived FGF acts on adjacent hindbrain regions. As another control, we analyzed the expression of *Follistatin*, which is also expressed in hindbrain boundaries but is not regulated by FGFs ([@b92]). Both control ([Fig. 2K](#f02){ref-type="fig"} n = 15/15) and SU5402 ([Fig. 2L](#f02){ref-type="fig"} n = 15/15) treated embryos showed similar *Follistatin* expression, indicating that SU5402 effects do not cause general decrease on any boundary marker or delay in boundary marker appearance due to a hindrance in hindbrain development. Furthermore, no excessive cell death was apparent in the treated embryos, as tested by TUNEL assay (data not shown, see also [@b91]). All together, these results indicate that FGF activity in the hindbrain is required for the expression of several boundary-specific genes.

![FGF signaling regulates the expression of boundary markers.\
Embryos (14--15 HH) were implanted with beads soaked in DMSO (A,C,E,G,I,K) or SU5402 (B,D,F,H,J,L), and stained 18 hrs later for (A,B) CSPG, (C,D) Laminin, (E,F), *Brn3a,* (G,H) *NSCL1,* (I,J), 3a10 and (K,L) *Follistatin*. Rhombomeres are numbered, probes and antibodies are indicated, double-headed arrow indicated r3/r4 boundary, and anterior is at the top. Rhombomere (r), dorsal (d), ventral (v).](bio-01-02-067-f02){#f02}

The ligand FGF3 is restricted to boundary cells ([Fig. 1A](#f01){ref-type="fig"}). We next assessed its direct contribution to the expression of the boundary markers by examining whether manipulation of FGF3 will affect their expression. FITC-conjugated morpholino antisense oligonucleotides (MO) directed against the FGF3 sequence, or a control MO, were electroporated into the hindbrain of stage 14--15 HH, stages in which FGF3 is already confined to boundaries ([@b91]). The expression of CSPG, Laminin, 3a10, *Brn3a* and *NSCL1* was analyzed 18--20 hr later. Importantly, this strategy was successfully used in a recent study to knock-down rhombomeric FGF3, which led to perturbation of hindbrain patterning at earlier stages ([@b91]). These MOs were shown to specifically act by decreasing FGF signaling activity, as demonstrated by the downregulation of the MAPK-downstream gene Pea3, without affecting genes which are not-related to the FGF pathway or cell death in the hindbrain ([@b91]). Here we show that all the boundary markers were normal in embryos electroporated with control MO ([Fig. 3A,D,G,J,M](#f03){ref-type="fig"} respectively; CSPG n = 11/13, Laminin n = 18/19, 3a10 n = 8/8, *Brn3a* n = 14/16 and *NSCL1* n = 16/17), but were greatly reduced in embryos electroporated with FGF3 MO ([Fig. 3B,E,H,K,N](#f03){ref-type="fig"}, respectively; CSPG n = 13/14, Laminin n = 12/15, 3a10 n = 9/12, *Brn3a* n = 16/18 and *NSCL1* n = 18/20). Green or red staining ([Fig. 3A](#f03){ref-type="fig"}′--I′ and J--O, respectively) indicate cells expressing the MO-FITC as detected by fluorescence (green) or by immunostaining (red). These finding suggest that FGF3 regulates the expression of ECM proteins (laminin, CSPG) and transcription factors (*Brn3A, NSCL1*), in boundary-cells as well as the accumulation of axons (shown by 3A10) at boundary cells. Notably, in agreement with the su5402 experiment, we show here that FGF3 MO also affects expression of 3A10 and NSCL1 at non-boundary-regions, suggestive for an organizing role of boundary-derived FGF3 in the hindbrain. Another observation is that the FGF3 MO seems to cause non-cell autonomous effects, since the level of expression of the boundary markers were sometimes lowered even in domains which did not seem to contain FGF3-MO. This effect fits well with the suggested activity of FGF3 as a soluble ligand.

![FGF3 is required for expression of boundary markers.\
Embryos (14--15 HH) were electroporated with (A,D,G,J,M,P,R,T) control-MO or (B,E,H,K,N,Q,S,U) FGF3-MO, incubated for 18--20 hrs, and stained for (A--C) CSPG, (D--F) Laminin, (G--I) 3a10, (J--L) *Brn3a*, (M--O) *NSCL1,* (T,U) *Krox20* and (P,Q) TUNEL assay. Hindbrains are shown in flat mount preparations or in coronal section for the TUNEL images. (C,F,I,L,O) Rescue of embryos electroporated with FGF3 MO and thereafter FGF3-soaked beads were added. (R,S) Phase images of flat-mounted hindbrains after electroporation with (S) FGF3 MO or (R) control MO. All tagged images show the staining of their respective images merged with the area of electroporation. Red staining in (J--O,T,U) corresponds to MO-expressing cells detected with anti-fluorescein antibody. Green staining in (A′--I′, P--S) corresponds to MO-expressing cells detected by fluorescence. Rhombomeres are numbered, probes and antibodies are indicated, double-headed arrow indicated r3/r4 boundary, and anterior is at the top. Rhombomere (r), dorsal (d), ventral (v).](bio-01-02-067-f03){#f03}

In order to confirm the requirement of FGF3 for these markers, as well as to further ascertain the specificity of the knock-down technique, we performed rescue experiments. The MO experiment was repeated and thereafter we added FGF3-soaked beads to examine whether exogenous FGF3 reverses the FGF3 MO effect on the expression of the selected boundary markers. The exogenous addition of FGF3 to the treated embryos rescued the FGF3 MO phenotype and yielded levels of expression which were close to controls ([Fig. 3C,F,I,L,O](#f03){ref-type="fig"}, respectively; CSPG n = 6/8, Laminin n = 5/7, 3a10 n = 10/15, *Brn3a* n = 8/9 and *NSCL1* n = 4/4), demonstrating the specific effect of the MO and of exogenous FGF3 on these particular markers. Furthermore, we ruled out the possibility that the MOs induce excessive cell death by performing TUNEL assay on the electroplated embryos, which revealed similar levels of TUNEL staining in both the electroporated and control hindbrains ([Fig. 3P,Q](#f03){ref-type="fig"}, see also ([@b91])).

In our previous work, we showed that FGF3 has an early role in regulating *Krox20* expression ([@b91]). We, therefore, wanted to ensure that the results observed here are not due to defects caused by any disruption of initial hindbrain segmentation, but rather due to a later role for FGF3 in the boundaries. Embryos were electroporated as above and analyzed 20 hr later for both, gross hindbrain morphology as well for expression of *Krox20*. The segmentation of the hindbrain and the expression of *Krox20* seemed similar and intact in both, the FGF3 MO ([Fig. 3S](#f03){ref-type="fig"} n = 15/17, and 3U n = 4/4) and control MO ([Fig. 3R](#f03){ref-type="fig"} n = 15/15, and 3T n = 3/3, These experiments demonstrate that the segmental patterning of the rhombomeres is not altered and is not likely to be the cause for the reduction in the boundary markers. Moreover, this assay further shows that FGF3 MO does not yield unspecific effects on other genes or general developmental delay, as also previously shown in ([@b91]).

Altogether, these data show for the first time that boundary-derived FGF signaling, in particular FGF3, regulates the expression of molecules responsible for ECM integrity as well as genes supportive of neuronal differentiation and organization of boundary cells.

Discussion {#s3}
==========

The localization of FGFs, FGFRs and dpERK at hindbrain boundaries is suggestive of an active FGF signalling pathway at these sites. Similar expression of some FGF signaling components, such as FGF3, is also apparent at mice hindbrain boundaries ([@b67]), but not in other species such as zebrafish. Thus, although FGF signalling is well-known to be active at the developing hindbrain, its distribution and possible actions varies between different species. Moreover, our data shows that the distribution of the different FGF-signaling molecules is not identical at the boundaries (see also ([@b88])). For instance, FGFRs 1,3,4 spans the entire DV axis of boundaries (excluding the floor plate), whereas FGFR2 is more dorsally restricted. This suggests that some receptors are more prominent than others at different parts of the boundaries. Unravelling which of the FGFRs (and their precise spliced isoforms; [@b63]) are indeed active at hindbrain boundaries will be necessary.

The accumulation of HSPG and CSPG, as well as the enhanced staining of proteoglycans, supports the possibility of the ECM involvement in promoting FGF signaling at the boundaries. A central role for FGF signalling is well-documented at the adjacent MHB, where FGF8 is expressed and regulates patterning, survival, proliferation and neurogenesis in the posterior midbrain, cerebellum and anterior hindbrain ([@b1]; [@b6]; [@b8]; [@b10]; [@b17]; [@b40]; [@b52]; [@b61]; [@b69]; [@b90]; [@b96]). In addition, FGF signaling was shown to regulate the properties of the MHB itself, such as the morphological constriction and cell cycle rate of the boundary cells ([@b86]). Furthermore, proteoglycans were shown to be expressed at elevated levels at the MHB ([@b82]). Here we show that FGF signaling, and in particular FGF3, regulates the expression of multiple hindbrain boundary markers, indicating FGFs as regulators of hindbrain boundary properties. For instance, the finding that boundary-derived FGF3 positively regulates CSPG and laminin expression indicates its involvement in establishing the unique boundary ECM-properties. Yet, the significance of the enriched ECM at the rhombomere borders is not clear. It is possible that, in addition to optimize FGFR activity, the boundary-enriched proteoglycans and basal lamina may be involved in axonal growth, since axonal guidance is influenced by the ECM in many instances (reviewed in ([@b43]; [@b93])). The well-known accumulation of axons at hindbrain boundaries ([@b53]; [@b85]), as well as the perturbation of, both ECM accumulation and axonal localization that we show upon inhibition of FGF signalling, is supportive for such an option also in the hindbrain. Indeed, the MHB, as well a as the DV boundaries of the neural tube (roof-plate and floor-plate), control axonal guidance, either as attractants or repellents ([@b5]; [@b7]; [@b9]; [@b13]; [@b32]; [@b36]; [@b41]; [@b83]). In addition, FGF signals where shown to act as direct chemoattractants in spinal-cord axons, or to control trochlear axonal growth in the MHB ([@b36]; [@b80]).

Our data shows that the boundary-expression of the neuronal markers Brn3a and NSCL1 is also controlled by FGF3. The significance of these markers at boundary cells remains to be explored. This is especially intriguing since the roles of NSCL1 in other regions of the CNS are only partially understood ([@b12]; [@b84]) and since Brn3a is mostly considered as a marker for sensory neurons ([@b19]; [@b47]), and therefore its expression at boundary cells is surprising. Notably, MHB-derived FGF8 is known to either promote or inhibit differentiation of different types of neural progenitors at different DV parts of the midbrain and r1 ([@b1]; [@b6]; [@b8]; [@b10]; [@b17]; [@b40]; [@b52]; [@b61]; [@b69]; [@b75]; [@b90]; [@b96]). Moreover, in the zebrafish, FGF20, which is expressed at rhombomere centres, prevents neuronal differentiation at these sites, allowing neurogenesis to occur only at neighbouring regions ([@b25]). The activity of FGF3 to induce boundary Brn3a and NSCL1 gene expression is suggestive of neuronal regulative roles of FGF signaling at hindbrain boundaries.

Our data shows that the knockdown of FGF3 results in the downregulation of the multiple boundary markers non-cell autonomously. Such a result can be expected from a soluble signal that acts in some distance from its secretion source to positively regulate the transcription of these genes ([@b11]; [@b46]; [@b81]; [@b95]). Moreover, previous data from other\'s and our\'s works ([@b3]; [@b4]; [@b58], [@b59]; [@b62]; [@b87]; [@b91]; [@b92]), have indicated non-cell autonomous actions of FGFs at earlier hindbrain stages in regional specification of rhombomeres.

In summary, this work provides the first evidence that boundary-derived FGF signaling, in particular FGF3, regulates the expression of multiple molecules responsible for ECM integrity, as well as genes involved in neuronal differentiation and axonal organization at boundary cells, and thus contribute to the understanding of how boundary-unique properties arise. Further evaluations are required to understand the precise mechanism(s) by which FGF3 controls the expression of these multiple markers, and the role of these genes at the hindbrain.

Materials and Methods {#s4}
=====================

Embryos: {#s4a}
--------

Fertile Loman chicken eggs were incubated at 38°C until embryos reached required somite stage. Following the incubation embryos were excised, fixed in 4% paraformaldehyde, dehydrated in 100% methanol, and stored at −20°C.

In ovo electroporation: {#s4b}
-----------------------

FITC-conjugated FGF3 or control antisense morpholino (MO) oligonucleotides (GeneTools, OR USA) were diluted in PBS to a working concentration of 2 mM. The sequences used are as follows: FGF3 MO: 5\'-GCAGCAGGAGCCAGATCACGAGCAT-3\' Control MO: 5\'-CCTCTTACCTCAGTTACAATTTATA-3\'. MO oligonucleotides were injected into the hindbrain lumen of 22--25 somite-old embryos (14--15 Hamburger Hamilton stage) by using a pulled glass capillary. Following injection, electroporation was performed using a BTX 3000 electroporator with four 45 millisecond pulses of 16--18 volts and pulse intervals of 300 milliseconds ([@b37]). Embryos were incubated for a further 18--20 hrrs.

Bead implantation: {#s4c}
------------------

AGX-100 beads were soaked at room temperature for 2 hr in SU5402 (200 μM, Calbiochem, CA USA) or DMSO. Heparin acrylic beads were soaked at 4°C for 2 hr in FGF3 (R&D systems, MN USA) diluted to 1 mg/ml in PBS-0.3%BSA. Beads were implanted in the hindbrain lumen of 20--25 ss (14--15 HH) embryos, which were then incubated for a further 18--20 hr. For rescue experiments, beads were implanted 2 hrs after electroporating the embryos with MO\'s. Beads were removed prior to in situ hybridization or immunostaining procedures.

Whole-mount in situ hybridization, immunohistochemistry and proteoglycan staining: {#s4d}
----------------------------------------------------------------------------------

Whole-mount in situ hybridization was performed as described ([@b77]), using probes for chick *FGF3* (EST clone 812g6, MRC Geneservice), *FGF19* (a gift from H. Ohuchi), *NSCL1* (chick EST clone 474F24, BBSRC, UK), FGF receptors (*FGFR*s) *1,2,3* (a gift from E. Pasquale), *FGFR4* (a gift from C. Kalcheim), *Hoxb1* (a gift from R. Krumlauf) and *Brn3a* (a gift from A. Graham). The DIG labelled probes were detected using NBT/BCIP as substrate (Roche, Basel Switzerland), as described previously ([@b92]).

Alcian Blue staining was performed on hindbrains fixed overnight in 4% PFA in PBS at 4°C and thereafter washes in PBS. Safranin-O staining was performed on fresh hindbrains stored in PBS only. Both staining were carried out by incubating the hindbrains with 0.6% Alcian blue 8 GX or Safranin-O, respectively, for 5--10 minutes. Both dyes were washed with 70% ethanol in PBS ([@b18]; [@b71]).

Whole-mount immunohistochemical localisation of 3A10, Laminin and CSPG, was carried out by incubating embryos in PBS with 0.1% Tween20 (for CSPG and 3A10) or 0.1% Triton (for Laminin), and 5% goat serum for 2 hours, followed by addition of the following antibodies for overnight: mouse anti-3A10 (1:50, DSHB, USA), mouse anti-Laminin (1:50, DSHB, USA), mouse-anti CSPG (1:50, Sigma USA), and rabbit-anti EphA4 (1:250) (([@b78]). Following PBS + 0.1% triton washes, either anti-mouse Alexa 488, anti-mouse Alexa 594 or rabbit Alexa 613 (all 1:400, Molecular Probes) antibodies were added. Whole-mount immunohistochemical localisation of dual phosphorylated (dp) Erk1/2 proteins was preformed as described previously ([@b16]; [@b91]), using rabbit anti-Erk1/2 antibody (1:350, Cell signaling technology, DV, USA), secondary anti-rabbit HRP-conjugated antibody (1:500, EnVision, Dako, Denmark) and AEC substrate system (Lab Vision, Thermo Fisher Scientific, CA, USA), to visualize HRP staining. Detection of FITC-conjugated MO oligonucleotides following in situ hybridization was performed using sheep anti-fluorescein (1:2000, Roche, Basel Switzerland) and Fast Red staining, as described elsewhere ([@b92]).

TUNEL assay: {#s4e}
------------

Cell death detected in cryo-sectioned electroporated embryos by terminal transferase UTP nicked end labelling (TUNEL) using In Situ Cell Death Detection Kit, TMR red (Roche, Basel Switzerland), according to manufacturer\'s protocol.
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